Abstract: Our previous studies demonstrated that the abnormal muscle response could vanish when the ipsilateral superior cervical ganglion was removed and reappear when norepinephrine was dripped at the neurovascular conflict site. Evidentially, we believed that the mechanism of hemifacial spasm should involve emersion of ectopical action potential in the compressed facial nerve fibers. As the action potential is ignited by ion channel opening, we focused on Nav1.8 that has been found overexpressed in peripheral nerve while damaged. In this study, Moller model was adopted, 20 Sprague-Dawley rats underwent drip of norepinephrine, and the abnormal muscle response wave was monitored in 14 rats. Antibodies against unique epitopes of the α subunit of sodium channel isoforms were used to detect the Nav1.8 neuronal isoforms, and the immunohistochemistry showed strong staining in 13 rats, which were all in the abnormal muscle response positive group (P < 0.05). Accordingly, we concluded that the substance of hemifacial spasm is an ectopic action potential that emerged on the damaged facial nerve, which might be coupled by Nav1.8.
H emifacial spasm (HFS) is a common clinical disorder characterized by paroxysms of involuntary contractions of unilateral facial muscles. [1] [2] [3] [4] Although the disease is not life threatening, the patient experiences the attacks awfully due to physical discomfort and embarrassment. It was found that the VII cranial nerve root is compressed by surrounding cerebellar vessels in most of the patients and the symptoms may relieve after transposition of the offending artery with the microvascular decompression surgery. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the pathogenesis of the disorder remains unclear. It is puzzling why the facial nerve does present a hyperexcitability (spasm) rather than a hypoexcitability (palsy) while compressed by a vessel. Some studies showed that the demyelination of facial nerve might be contributable to generate HFS. 12, 13 It was hypothesized that an ephaptic transmission (crosstransmission) occurred between those individual facial nerve fibers damaged by neurovascular confliction. 14, 15 During the recent years, abnormal muscle response (AMR) has become a very useful indicator to electrophysiologically monitor the action potential (AP) of facial nerve in the patient with HFS exclusively. [16] [17] [18] [19] It is produced by an electrical stimulation of 1 branch of the facial nerve, resulting in electromyography response in facial musculature innervated by different nerve branches. [20] [21] [22] In pilot experiments, we established an HFS animal model with positive AMR and found the following: (1) the interface lesions of both the offending artery wall and the nerve epineurium are necessary to induce the spasm, and (2) the AMR could vanish when the ipsilateral superior cervical ganglion was removed and reappear when norepinephrine (NE) was dripped at the neurovascular conflict site. 7, 16 Evidentially, we believe that the substance of HFS might be an ectopic AP that emerged from the demyelinated facial nerve, which was triggered by neurotransmitters released from the sympathetic endings in the offending artery wall. Nevertheless, how do neurotransmitters interact with facial nerve fibers and give rise to ectopic APs? Studies found that the intracellular synthesis of functional proteins may be out of control and migrate to an improper site of the cell membrane while the nerve fibers are damaged. 23, 24 Among these transmembrane proteins, some receptors, such as α-adrenergic, 25 cholinergic, 26 ATP receptors, 27 were found. In a peripheral nerve injury experiment, although the α 2 -adrenergic receptor was blocked, the excitability of the damaged nerve reduced. 28 A research regarding trigeminal neuralgia demonstrated that the expression of Navl.8 was significantly higher in the painful nerve than in the nonpainful nerve. 29 Although the VII cranial nerve is different from the V cranial nerve, which is mainly composed of motor fibers, it is reasonable to expect that the upregulation of ion channels and receptor proteins may occur in the damaged facial nerve fibers, because of the same etiology.
30-32 Therefore, we assumed that the ectopic AP was ignited by the opening of sodium channel coupled by the NE receptor. Given that the accumulation of Nav1.8 channels at the site of injury has been demonstrated as a major contributor to the ectopic nerve discharge, the current study focused on the expression of the voltage-gated sodium channel Nav1.8.
MATERIALS AND METHODS
All experiment protocols were approved by the Shanghai Jiao Tong University School of Medicine Committee on the Use and Care of Animals. Twenty of the adult male Sprague-Dawley rats, each weighing between 250 and 350 g, were selected for the experimental series. The animals were housed in a standard laboratory environment. Care was taken to minimize stress and nociceptive input to the animals before, during, and after surgeries.
Establishment of the HFS Model
The animal was put in a lateral position and produced under anesthesia with 1% of pentobarbitone intra-abdominally (3.0 mL/kg), which was supplemented as needed throughout the procedure. A 20-mm long skin incision was made postauricularly, and the main trunk of the facial nerve distal to stylomastoid foremen was carefully dissected under a surgical microscope. Then, a 2/0 thread of chromic suture (Kangldia Medical Products Co, Ltd, Heze, China) was squeezed in between the nerve and its surrounding tissues closely. Be certain that the chrome thread was in tight contact with the nerve, the incision was closed, and the animal was sent back to the cage. Three weeks later, the animal was operated on again. The chromic suture was withdrawn followed by NE drip. A diluted 1 mg/2 mL of NE into a concentration of 0.5-ng/mL solution was used to drip 2 drops onto the facial nerve at the site that had been compressed by the chromic suture.
Electrophysiology
The AMR wave was monitored according to the methods proposed by Møller and Jannetta. 33, 34 The AMR recordings were obtained from the orbicularis oculi muscles by stimulation of the marginal mandibular branch. The reference electrode was placed on the forehead. Paired needle electrodes for stimulation and recording were inserted subcutaneously on the affected side. The pulse width and frequency were set up at 0.2 ms and 1 Hz, respectively. A 1-mA impulse was delivered initially, which was increased gradually to 10 mA until a stable AMR wave was monitored. The AMR was registered with Medtronic Keypoint 4 system using the F-Response mode (Dantec, Denmark). According to the classic protocol of Møller and Jannetta, the appearance of a typical AMR wave has been regarded as a success of the HFS model.
Immunohistochemistry
After electrophysiology, the facial nerve was cut in 10-mm long at the site and had been compressed and frozen in liquid microtome (Leica CM-1900) at −18°C for posterior processing and analysis. The thickness of the slice is generally 5 to 8 mm. All of the Paraffinembedded facial nerve specimens were fixed, deparaffinized, rehydrated, boiled with citrate buffer (pH 6), treated with 0.3% of H 2 O 2 , and preincubated in blocking buffer (10% of normal goat serum). The primary antibody, anti-Nav1.8, was incubated with the specimens at a concentration of 1:50 for 1 hour at room temperature. Antigenantibody complexes were detected using a horseradish-peroxidase complexed antirabbit secondary antibody. 3,3′-Diaminobenzidine was used as chromogen; and hematoxylin, as counterstain. Dehydration, clearing, and mounting with neutral gums were done. Samples were imaged with Olympus CX31-LV320 microscope (Chang Heng Rong Technology Co, Ltd, Beijing, China) using a provided DP Controller software.
Data Analysis
The Fisher exact test was used for data analysis, and a probability level of P < 0.05 was considered significant. All statistical analyses were performed using SAS software (SAS Institute Inc., Cary, NC).
RESULTS
Twenty-three animals were used in this series of experiment. Three died during the 3-week preparation, which were rejected from the study. Finally, 20 rats underwent drip of NE and electrophysiology. The AMR wave was monitored in 14 rats (70%) ( Table 1) . Antibodies against unique epitopes of the α subunit of sodium channel isoforms were used to detect the Nav1.8 neuronal isoforms, and the immunohistochemistry showed strong staining in 13 rats (Fig. 1) , which were all in the AMR positive group (P < 0.05) ( Table 1) .
DISCUSSION
Recently, the fact that an ectopic AP may generate from a damaged nerve fiber has been proved. [35] [36] [37] Normally, functional proteins that are synthesized intracellularly will migrate accurately to proper sites of the cell membrane. While the nerve fibers are damaged, the procedure of protein synthesis and migration could be out of control, and ectopic proteins may emerge in the cell membranes. With the syntheses of some ion channels and other membrane proteins, the extracellular domains of the injured neuron are sialylated. Because sialic acids carry abundant negative charges, a "negative electrical halo" surrounding the injured neuron develops. It causes the resting transmembrane potential to move toward the polarization direction. Meanwhile, extracellular positive charges tend to neutralize these negative charges, which make the membrane potential fluctuate unstably. This phenomenon is called subthreshold membrane potential oscillation, 38 which drop the excitability threshold of the nerve fiber. This might be the precondition of ectopic AP ignition. However, the generation of a propagable AP needs opening of sodium channels.
Nav1.8 is a TTX-R (IC 50 > 100 μm) sodium channel and is mainly located in the human chromosome SCN10A 3p21 to 3p24. Normally, it exists in small-diameter sensory neurons, the brain, the spinal cord, and the node of ranvier-peripheral nerve. Nav1.8 has a high activation threshold, slow inactivation kinetics, and channel opening that leads directly to the generation of APs. 39 It is also an integral membrane protein and is a heterotrimetric complex composed of 1 pore forming α subunit and 2 β subunits. 40, 41 The APs are also maintained by the Nav1.8 and followed by the hyperpolarization of the membrane, which contributes to sodium channel recovery after inactivation. 42 Normally, Nav1.8 immunoreactivity was nondetectable in the peripheral nerve axons, yet it could be observed along the internodes redistributing and targeting the site of injury after a chronic constriction injury of the nerve. 31, 43 Some researches demonstrated that Nav1.8 has shown a robust and continuous firing pattern in response to sustained depolarization in dorsal root ganglion neurons and, thus, to contribute significantly to AP electrogenesis in these cells, 43 and they also found that the peak AP response was significantly reduced, and the rate of depolarization was substantially slower in Nav1.8 negative neurons compared with Nav1.8 positive neurons. An overexpressed Nav1.8 was also discovered in acute inflammatory pain. 42, 44 These pieces of evidence indicated that Nav1.8 channels may play an important role in generating and maintaining the AP. 45 The current study showed that AMR could be recorded with a drip of NE. This implied that the relevant ligand may exist on the Fisher exact test, P = 0.0000554 and P < 0.01. FIGURE 1. Upregulation of Nav1.8 in demyelinated facial nerve. Antibodies against unique epitopes of the α subunit of sodium channel isoforms were used to detect the Nav1.8 neuronal isoforms, and the immunohistochemistry showed strong staining. Images were taken at Â100 (A) and Â400 (B). Long and short arrows denote nuclei and the stained Nav1.8, respectively.
